RIG-I has been implicated in innate immunity by sensing intracellular viral RNAs and inducing type I IFN production. However, we have found a significant RIG-I induction in a biological setting without active viral infection-namely, during RA-induced terminal granulocytic differentiation of acute myeloid leukemias. Here, we present evidence that a significant Rig-I induction also occurs during normal myelopoiesis and that the disruption of the Rig-I gene in mice leads to the development of a progressive myeloproliferative disorder. The initiation of progressive myeloproliferative disorder is mainly due to an intrinsic defect of Rig-I ؊/؊ myeloid cells, which are characterized by a reduced expression of IFN consensus sequence binding protein, a major regulator of myeloid differentiation. Thus, our study reveals a critical regulatory role of Rig-I in modulating the generation and differentiation of granulocytes. knockout mice ͉ myelopoiesis ͉ RA-inducible gene I R A-induced granulocytic differentiation of acute promyelocytic leukemia (APL) represents a successful application of tumor differentiation-inducing therapy in the treatment of human malignancies. It is also an excellent model for studying the cellular and molecular mechanisms controlling RA-induced, and probably physiological cues-regulated myelopoiesis. Previously, we reported the isolation of a number of genes whose mRNA levels were highly up-regulated, along with all-trans-RA (ATRA)-induced terminal granulocytic differentiation of APL cell line NB4 cells in vitro. Among the up-regulated genes, a particularly interesting one was RIG-I, encoding a putative DExD/H box-containing RNA helicase (1). Recently, RIG-I has also been identified in the screening experiment for the molecules that mediate viral RNA-induced type I IFN generation (2). Upon the occupancy of its DExD/H box-containing carboxyl terminal region by foreign invading RNAs, or even RNase L-cleaved small self-RNAs (3), the amino-terminal double-CARD motif of RIG-I binds onto IPS-1/MAVS/VISA/Cardif, resulting in the recruitment and phosphorylation of certain downstream cytoplasmic factors, including IKK␥ and IKKrelated kinases TBK1/IKK. These immediate events, in turn, relay signals via phosphorylation cascade and nuclear translocation of transcription factors such as NF-B and IRF3 to coordinate the formation of IFN-␤ promoter enhancesome within the nucleus (4, 5). As expected, melanoma differentiation antigen 5 (MDA-5), a close structural and functional analogue of RIG-I, was also found to mediate a viral infection-induced type I IFN transcription through the IPS-1 pathway (6, 7). Notably, MDA-5 activity has been implicated in a biological setting without any signs of active viral infection. The overexpression of full-length of MDA-5, but not that of the CARD domain-or ATPase domain-deleted mutant, induced melanoma cells to apoptosis (8). Now that RIG-I expression can be highly induced by regulatory cues other than type I IFN, such as RA and IFN-␥, we postulated that additional biological functions of RIG-I analogues other than as a sole inducer of type I IFN generation in antiviral immunity may exist. In this study, we provide evidence that a development-associated expression pattern of the Rig-I molecule occurs along with myeloid differentiations. The phenotypic analyses of a Rig-I Ϫ/Ϫ mouse model further show that Rig-I is an essential negative regulator of physiological myelopoiesis. Moreover, Rig-I exerts this function at least partially through its prompting role on myeloid expression of interferon consensus sequence binding protein (Icsbp), a major transcription factor regulating myeloid cell differentiation. Thus, our work has uncovered an important aspect of Rig-I intrinsic activities different from its involvement with type I IFN induction and will better our understanding of how Rig-I homologues exert versatile roles in basic regulatory mechanism controlling cell growth and survival.
RIG-I has been implicated in innate immunity by sensing intracellular viral RNAs and inducing type I IFN production. However, we have found a significant RIG-I induction in a biological setting without active viral infection-namely, during RA-induced terminal granulocytic differentiation of acute myeloid leukemias. Here, we present evidence that a significant Rig-I induction also occurs during normal myelopoiesis and that the disruption of the Rig-I gene in mice leads to the development of a progressive myeloproliferative disorder. The initiation of progressive myeloproliferative disorder is mainly due to an intrinsic defect of Rig-I ؊/؊ myeloid cells, which are characterized by a reduced expression of IFN consensus sequence binding protein, a major regulator of myeloid differentiation. Thus, our study reveals a critical regulatory role of Rig-I in modulating the generation and differentiation of granulocytes. knockout mice ͉ myelopoiesis ͉ RA-inducible gene I R A-induced granulocytic differentiation of acute promyelocytic leukemia (APL) represents a successful application of tumor differentiation-inducing therapy in the treatment of human malignancies. It is also an excellent model for studying the cellular and molecular mechanisms controlling RA-induced, and probably physiological cues-regulated myelopoiesis. Previously, we reported the isolation of a number of genes whose mRNA levels were highly up-regulated, along with all-trans-RA (ATRA)-induced terminal granulocytic differentiation of APL cell line NB4 cells in vitro. Among the up-regulated genes, a particularly interesting one was RIG-I, encoding a putative DExD/H box-containing RNA helicase (1) . Recently, RIG-I has also been identified in the screening experiment for the molecules that mediate viral RNA-induced type I IFN generation (2) . Upon the occupancy of its DExD/H box-containing carboxyl terminal region by foreign invading RNAs, or even RNase L-cleaved small self-RNAs (3), the amino-terminal double-CARD motif of RIG-I binds onto IPS-1/MAVS/VISA/Cardif, resulting in the recruitment and phosphorylation of certain downstream cytoplasmic factors, including IKK␥ and IKKrelated kinases TBK1/IKK. These immediate events, in turn, relay signals via phosphorylation cascade and nuclear translocation of transcription factors such as NF-B and IRF3 to coordinate the formation of IFN-␤ promoter enhancesome within the nucleus (4, 5) . As expected, melanoma differentiation antigen 5 (MDA-5), a close structural and functional analogue of RIG-I, was also found to mediate a viral infection-induced type I IFN transcription through the IPS-1 pathway (6, 7). Notably, MDA-5 activity has been implicated in a biological setting without any signs of active viral infection. The overexpression of full-length of MDA-5, but not that of the CARD domain-or ATPase domain-deleted mutant, induced melanoma cells to apoptosis (8) . Now that RIG-I expression can be highly induced by regulatory cues other than type I IFN, such as RA and IFN-␥, we postulated that additional biological functions of RIG-I analogues other than as a sole inducer of type I IFN generation in antiviral immunity may exist. In this study, we provide evidence that a development-associated expression pattern of the Rig-I molecule occurs along with myeloid differentiations. The phenotypic analyses of a Rig-I Ϫ/Ϫ mouse model further show that Rig-I is an essential negative regulator of physiological myelopoiesis. Moreover, Rig-I exerts this function at least partially through its prompting role on myeloid expression of interferon consensus sequence binding protein (Icsbp), a major transcription factor regulating myeloid cell differentiation. Thus, our work has uncovered an important aspect of Rig-I intrinsic activities different from its involvement with type I IFN induction and will better our understanding of how Rig-I homologues exert versatile roles in basic regulatory mechanism controlling cell growth and survival.
Results

Rig-I Expression Is Up-Regulated Along with Myeloid Differentiation.
To further characterize a possible correlation between the RIG-I induction and the restoration, at least in part, to the normal differentiation program of malignant myeloid leukemia cells by RA signaling, we screened various myeloid leukemia cells for RIG-I induction kinetics after their exposure to 1 M ATRA. As shown in Fig. 1 A-C, ATRA selectively induced the upregulation of RIG-I mRNA and protein levels only upon the terminal granulocytic differentiation of RA-sensitive myeloid leukemia cell lines, including human APL cell line NB4 and the M2 subtype of acute myeloid leukemia cell line HL-60, in addition to primary human and mouse APL cells harboring oncogenic fusion product PML-RAR␣. ATRA caused no significant induction of RIG-I mRNA level in the ATRA-resistant NB4 derivative NB4R2 cell line or PLZF-RAR␣-harboring primary murine leukemia cells ( Fig. 1 D and E) . Now that RA-induced granulocytic differentiation of myeloid leukemias may at least partly mimic the normal developmental program, we reasoned that Rig-I might participate in the regulatory mechanism that governs normal myelopoiesis. To address this, we examined the expression profile of Rig-I mRNA and protein during normal myelopoiesis. Of note, the Rig-I mRNA level was not evenly distributed among different stages of hematopoietic cells along with normal myelopoiesis (Fig. 1F) , with a significant up-regulation of Rig-I mRNA level (Ͼ25-fold) being observed during the physiological maturation of the early myeloid precursors toward the Mac-1 ϩϩ /Gr-1 ϩϩ granulocytes at the intermediate to late stages (Fig. 1G) . Accordingly, strong immunostaining signals of Rig-I protein were detected within the cytoplasm of mature myeloid cells with a ring-shaped or band-shaped nucleus, indicating the identity of granulocytes (Fig. 1H) . Thus, the expression of Rig-I was shown to be developmentally regulated along with myeloid differentiation.
Rig-I Deficiency Leads to a Progressive Granulocytosis. Recently, we reported a Rig-I Ϫ/Ϫ mouse model developed by removing its exon 4 to exon 8 region (encoding the most part of the second CARD domain and DExD/H domain) (9) . In this model, Rig-I protein was absent in both bone marrow (BM) and spleen tissues of adult Rig-I Ϫ/Ϫ mice ( Fig. 2A) . The undetectable expression of a possible truncated Rig-I protein (⌬aa142-405) could be ascribed either to the promoter interference from an inserted Neo rexpressing cassette in the reverse transcriptional direction toward the Rig-I allele (9) and/or to an extremely unstable status of such a mutant protein. In accordance with a highly expressed level of Rig-I in normal myeloid cells, which might imply a role of Rig-I in either involving developmental regulation or conducting mature cellular activity, the analyses of adult Rig-I Ϫ/Ϫ mice revealed an apparently perturbed granulopoiesis. An apparent granulocytosis in peripheral blood leukocytes (PBLs) appeared as soon as 6 weeks after birth and progressed with the aging (Fig. 2B) . Notably, the percentage of Gr-1 lo c-Kit ϩ granulocytic progenitors within BM was doubled (Fig. 2C ) in association with Rig-I deficiency, although those for common myeloid precursors, granulocytic and monocytic precursors, and megakaryocytic and erythroid precursors were not significantly altered (data not shown). The grossly increased production of the intermediate to later stages of Mac-1 ϩϩ /Gr-1 ϩϩ granulocytes was ubiquitously evident in BM, spleen, and PBLs (Fig.  2C ). An unsaturated Mac-1 expression in Rig-I Ϫ/Ϫ granulocytes in comparison with that measured in the wild-type counterparts ( Fig. 2D ), in addition to the enlarged cellular and nuclear sizes of mutant granulocytes (data not shown), indicates a certain extent of myeloid differentiation hindrance caused by the loss of Rig-I function. In striking contrast, the B-cell production, especially at its final maturation stages, was significantly hampered in both BM and spleen (data not shown), which was in line with the previous finding of reduced B-cell amounts in Peyer's patches of Rig-I Ϫ/Ϫ mice (9) . The in vitro colony assay of measuring B-cell production suggested that the reduced B-cell level might be partly related to a defect in the commitment and/or differentiation of the hematopoietic stem/progenitor cells toward B-cell lineage (data not shown). On the other hand, the decreased production of erythroid cells in BM, as shown by a reduced Ter119 ϩ cell compartment size, was compensated for by an increased activity of erythropoiesis in spleen (data not shown), suggesting an occurrence of extramedullary hematopoiesis. The thymic and BM CD4 ϩ /CD8 ϩ T cell ratios and the percentage of CD41 ϩ megakaryocytes in BM seemed undisturbed (data not shown), although an abnormality in peripheral T cell activation was identified (9) .
Remarkably, a chronic myeloid leukemia (CML)-like phenotype developed after the age of 9 months, with hugely enlarged spleens infiltrated by swarms of granulocytes ( Fig. 2 E and F) , and in half of them, even with granulocytic foci invading into hepatic tissue (Fig. 2G ). The percentage of mice with a CML-like phenotype reached up to Ϸ90% of all Rig-I Ϫ/Ϫ littermates at the age of 16 months. The measurement on freshly isolated BM cells indicated that Rig-I deficiency resulted in not only an increased cell proliferation capacity but also an enhanced survival ability of mutant granulocytes ( Fig. 2 H and I) . Taken together, these results demonstrate a developmentally regulatory role of Rig-I in promoting the terminal differentiation of granulocytes but curbing the scale of late granulocytosis.
Rig-I Deficiency-Associated Granulopoiesis Is Ascribed to an Autonomous Defect of Hematopoietic Cells. It was previously reported that
Rig-I
Ϫ/Ϫ mice are frequently associated with the occurrence of colitis, with an onset of Ϸ2 weeks later than the biased granulocytic generation in PBLs (Fig. 2B) (9) . To examine whether Rig-I deficiency-related granulocytosis is simply a secondary response to this accompanying colitis or a reflection of a possible abnormality in the hematopoietic microenvironment, we did hematopoietic transplantation studies of Rig-I Ϫ/Ϫ early hematopoietic cells into wild-type syngeneic recipients and traced their differentiation potentials toward myeloid compartment in vivo. As shown in Fig. 3 A and B, in 7 weeks after tail vein injection, an apparent granulocytosis was recapitulated through the transplantation of 5-fluorouracil (5-FU)-treated Rig-I Ϫ/Ϫ BM cells, not only within primary recipients but also within secondary recipients when no sign of colitis was observed yet (data not shown), suggesting that the Rig-I deficiency-related granulocytosis could be mainly attributed to an intrinsic defect of hematopoietic cells.
We then isolated Rig-I Ϫ/Ϫ BM cells and tested their in vitro responses to the stimulations of hematopoietic cytokines in terms of the myeloid differentiation and proliferation potentials. As shown in Fig. 3 C and D, although the combination of stem cell factor (SCF), IL-3, and IL-6 stimulated the growth of similar numbers of colonies from Rig-I ϩ/ϩ and Rig-I Ϫ/Ϫ BM cells, more myeloid colonies were generated in Rig-I Ϫ/Ϫ background by the stimulation of myeloid-specific cytokine GM-CSF. Moreover, in both conditions, the retrieved colony cells of Rig-I Ϫ/Ϫ background retained a higher percentage of c-Kit ϩ Gr-1 lo granulocytic progenitors. The morphological examinations of GM-CSFstimulated colony cells further showed that the generation of foamy macrophages in Rig-I Ϫ/Ϫ background was significantly reduced in BM cells (60 Ϯ 5% versus 11 Ϯ 3%); instead, the granulocytes or certain immature myeloid cells were produced (Fig. 3E) . Taken together, these data indicate an intrinsic activity of Rig-I in regulating the myeloid differentiation and proliferation potentials of hematopoietic progenitors.
Reduced Expression of Icsbp Associates with Rig-I Deficiency-Related
Granulocytosis. Orchestrated activities of myeloid transcription factors that are subject to the modulation of numerous environmental cues govern normal granulocytic development. The gene-targeting procedures of these transcription factors in mice greatly perturb normal myelopoiesis. In certain cases, they produce the phenotypes of biased granulocytosis similar to what we observed in Rig-I Ϫ/Ϫ mice (10-15). To understand the molecular mechanisms underlying the consequence of Rig-I loss on granulopoiesis modulation, we started by comparing the mRNA expression profile of Rig-I ϩ/ϩ granulocytes with that of Rig-I Ϫ/Ϫ granulocytes to search for the known granulopoiesisregulatory mechanism that could be affected by Rig-I deficiency. The results revealed that among some 200 genes with altered expression, the mRNA and protein levels of myeloid-specific transcription factor Icsbp were mostly deregulated in Rig-I Ϫ/Ϫ myeloid cells (Fig. 4A) , whereas those for Pu.1, C/ebp␣, C/ebp␤, C/ebp␥, C/ebp, and their target genes, including Gm-csfr, P8, and G-csfr, were not affected [supporting information (SI) Fig.  S1 ]. It is significant in considering that Icsbp deficiency has been shown to lead to a similar phenotype of biased granulocytosis (12, 13). To further examine a possible Rig-I and Icsbp functional connection, we performed an Icsbp rescue experiment in which the in vivo granulocytic differentiation potentials of 5-FUtreated Rig-I Ϫ/Ϫ BM cells were measured after they had been transduced with either empty retroviral vector MigR1, or Rig-I cDNA, or Icsbp cDNA (Fig. 4B ) and subsequently transplanted into lethally irradiated wild-type littermates. As shown in Fig.  4C , the reintroduction of Icsbp cDNA, like that of Rig-I cDNA, reduced granulocytosis of PBLs 4 weeks after transplantation. Furthermore, restoration of Icsbp activation not only decreased the granulocytosis of BM tissue in 8 weeks after transplantation but also drove Rig-I Ϫ/Ϫ granulocytes to further differentiation, as indicated by the elevated expression levels of maturation-related antigen Mac-1 in Icsbp cDNA-transduced Gr-1 ϩϩ/ Mac-1 ϩϩ granulocytes (Fig. 4D) .
To confirm that an autonomous defect accounts for the reduced Icsbp expression in Rig-I Ϫ/Ϫ hematopoietic cells, we isolated c-Kit ϩ progenitor cells from Rig-I Ϫ/Ϫ BM and transduced them in vitro with either empty MigR1 vector or MigR1-Rig-I retroviruses. As shown in Fig. 4E , in the presence of 5% FCS, 10 ng/ml of IFN-␥, and other hematopoietic cytokines supporting myeloid differentiation, the transduction of Rig-I cDNA, but not of vector, significantly elevated the Icsbp mRNA level in transduced myeloid cells (GFP ϩ ), suggesting that the expression level of Rig-I within myeloid cells is a critical factor determining the expression level of Icsbp. Nevertheless, Icsbp mRNA levels in both Rig-I ϩ/ϩ and Rig-I Ϫ/Ϫ myeloid cells were not up-regulated by the stimulation of type I IFN even at high concentration (Fig. 4F) , suggesting that this intrinsic defect in Rig-I-deficient myeloid cells that results in the reduced expression of Icsbp may not be due to a feasible defective production of type I IFN within hematopoietic microenvironment.
Discussion
In the current model of innate immunity, RIG-I analogues are depicted as a kind of molecules with two basic functional domains: a C-terminal part, behaving as a default N-terminal CARD inhibitory domain whose inhibitory function can be zeroed by sensing and binding to multiple forms of cytoplasmic viral RNAs, and an N-terminal CARD domain, acting as a signal transducer through its direct binding with mitochondrial membrane-anchored IPS-1/MAVS/VISA/Cardif. Although this model does well in explaining the roles of RIG-I analogues in inducing type I IFN transcription upon certain viral infections, it hardly explains their involvement in the differentiation and/or apoptosis-induction processes of malignancies in the absence of viral infection and foreign RNA transfection. In this study, we provide further in vivo evidence supporting that Rig-I intrinsic activities other than sensing foreign RNAs exist, as evident by its crucial role in maintaining the homeostasis of late granulopoiesis by negatively regulating the proliferation and survival of granulocytes. Theoretically, this activity might be exploited by innate immunity machinery, after the up-regulation of RIG-I by type I IFN signaling, to inhibit the survival of viral infected host cells, thus limiting the propagation and spreading of viral particles.
It is notable that a previously reported Rig-I gene-targeting procedure led most of Rig-I Ϫ/Ϫ mice to die before birth (16) . The massive cell death, as observed in embryonic hepatic tissue, actually provided evidence supporting the notion that Rig-I might harbor an intrinsic role in regulating cellular development and survival in the absence of viral infection. However, the newer Rig-I Ϫ/Ϫ mice we used grow up to adulthood, which provides us an opportunity to study the possible influence of Rig-I deficiency on the development of adult tissues, such as hematopoiesis. This striking phenotype discrepancy between these two Rig-I Ϫ/Ϫ models could be basically due to the fact that in these two models, two different regions of Rig-I gene in two different mouse strains were targeted. Interestingly, like our Rig-I Ϫ/Ϫ models, the gene-targeting mice of Mda-5 and Ips-1 (6, 17) , a Rig-I analogue and a direct partner of the Rig-I signal transduction pathway in activating the transcription of type I IFN induction, respectively, both also lived up to adulthood.
Previously, we reported that Rig-I deficiency results in the frequent occurrence of a colitis-like phenotype (70%), with the underlying mechanisms not fully understood. Although it is known that colitis is usually associated with anemia rather than with a progressive granulocytosis, which would evolve to a CML-like phenotype, we cannot currently completely exclude the possibility that the accompanying inflammation might, more or less, contribute to the severity of granulocytosis in some mice. However, it is evident that one intrinsic defect in Rig-I Ϫ/Ϫ myeloid cells contributes to the initiation and development of granulocytosis, because the apparent granulocytosis preceded colitis by Ϸ2 weeks and two rounds of transplantation of Rig-I Ϫ/Ϫ BM cells into the normal host environment consistently recapitulated the phenotype of granulocytosis (Fig. 3 A and B) . Furthermore, in vitro colony assays also revealed an intrinsic defect of Rig-I Ϫ/Ϫ myeloid progenitors in term of their proliferation and differentiation potentials, as stimulated by myeloid cytokines (Fig. 3 C-E) .
Our data also suggest that the reduced expression level of Icsbp, is at least partly underlying the mechanism responsible for the biased granulocytosis in Rig-I-deficient mice. However, although the critical role of Icsbp in determining the fates of myeloid differentiation has been well established, the environmental cues or upstream transcriptional regulatory mechanism are not understood. Hence, it is currently not known how Rig-I deficiency affects the expression regulation of Icsbp in myeloid cells. Coincidently, the expression levels of several other potential regulators of myelopoiesis, such as Klf4 and Trail, were also altered in Rig-I Ϫ/Ϫ myeloid cells. It is interesting to further investigate whether a shared upstream regulatory pathway that is modulated by Rig-I activity exists. However, the in vitro Rig-I rescue experiment (Fig. 4E) demonstrates that Icsbp expression reduction is ascribed to an autonomous defect of Rig-I Ϫ/Ϫ myeloid cells via a mechanism different from Rig-I-mediated type I IFN generation. It could be postulated that Rig-I deficiency might lead to a lower level of type I IFN within the microenvironment that governs granulocytic differentiation, but this is not likely to be the major reason causing Icsbp reduction in myeloid cells, because our data and those of others suggest that type II, but not type I, IFNs are upstream regulators of Icsbp expression (18, 19) . The possible effect of the Rig-I-Icsbp pathway on the in vivo proliferation of leukemia-initiating cells is worthy of investigation in the near future.
Materials and Methods
Mice and Cells. Rig-I KO mice and littermates (129S3) were bred in the animal facility of Shanghai Jiao-Tong University with sterilized water and food. Bone marrow samples of APL patients were obtained with informed consent. Western Blot Analysis. The Icsbp antibody was purchased form Santa Cruz Biotechnologies. The ␥-tubulin antibodies were purchased from Sigma. In Figs. 1 A and 2 A, a polyclonal RIG-I antibody was a generous gift from Tadaatsu Imaizumi (Hirosaki University School of Medicine, Hirosaki, Japan). In all other cases, RIG-I antibody was isolated from rabbit serum immunized by purified human RIG-I protein.
Immunofluorescence. Bone marrow cells were stained with a RIG-I C15 antibody (Santa Cruz Biotechnologies), washed, and then restained with Alexa Fluor 555-coupled donkey anti-goat antibody (Molecular Probes).
Colony Assay. Bone marrow cells were cultivated in 0.9% methylcellulose semisolid culture media supplemented with 15% FCS and appropriate amount of cytokines (R&D). The cultures, set up in triplicate in 24-well plates, were incubated in a humidified chamber in the conditions of 5% CO 2 and 37°C for 7 days before scoring.
Histological Methods. Tissues were sequentially fixed in 4% formaldehyde/PBS, paraffin-embedded, sectioned, and stained with hematoxylin-eosin. Otherwise, 2 ϫ 10 5 cells were cytospined onto glass slides and stained with MayGrü nwald and Giemsa solutions (Fluka). ng of IL-3, 10 ng of IL-6, and 100 ng of SCF per milliliter (R&D Systems) and were infected by spinoculation. Six to 8 h after the second infection, the nonadherent cells were harvested and washed in PBS once. A total of 1 ϫ 10 5 of live nonadherent cells were injected into the tail vein of each syngeneic recipient that had received split 10-Gy whole-body ␥-ray irradiation. For the in vitro Rig-I rescue experiment, Rig-I Ϫ/Ϫ c-Kit ϩ BM cells were sorted out with a MoFlo high-speed cell sorter and infected with vector or Rig-I retrovirus as previously described. Then, the GFP ϩ cells were sorted out and incubated in RPMI medium 1640 containing 5% FCS supplemented with 10 ng/ml of IFN␥ for 12 h.
Rig
